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Abstract
We demonstrate a selectively emitting optical Fabry-Pe´rot resonator based on a
few-nm-thin continuous metallic titanium nitride film, separated by a dielectric spacer
from an optically thick titanium nitride back-reflector, which exhibits excellent stabil-
ity at 1070 K against chemical degradation, thin-film instabilities and melting point
depression. The structure paves the way to the design and fabrication of refractory
thermal emitters using the well-established processes known from the field of multi-
layer and rugate optical filters. We demonstrate that a few-nanometer thick films of
titanium nitride can be stable under operation at temperatures exceeding 1070 K. This
type of selective emitter provides a means towards near-infrared thermal emission that
could potentially be tailored to the accuracy level known from rugate optical filters.
1 Introduction
Accurate control of radiative heat transfer within systems and in exchange with their sur-
roundings is of critical importance to both efficiency and feasibility of a wide variety of
systems, with notable examples being energy production schemes such as solar-thermal
[1, 2], thermophotovoltaic (TPV) conversion [3, 4], and - in mimicking the Saharan silver
ants [5] - passive radiative daytime cooling in direct sunlight [6, 7]. Thermophotovoltaic en-
ergy conversion which centers on tailored thermal emission matched to the band-gap energy
of a photovoltaic (PV) cell, has the potential to boost the efficiency of solar energy conver-
sion considerably, compared to the direct illumination of PV cells with sunlight [8, 9], or,
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alternatively, to allow for the co-generation of electricity in high-temperature processes such
as waste disposal or metal processing. Efficient solar-thermal and TPV conversion simul-
taneously requires precise control over the emittance of the emitter and excellent thermal
stability with resistance to repeated heating cycles. While certain bulk materials, such as
some rare earth oxides [10], exhibit naturally occurring narrow-band emission near common
PV band-gap energies, as well as excellent thermal stability, they are nevertheless far from
being ideal narrow-band emitters due to significant out-of-band emission [11, 12, 13, 14].
Moreover, the inherent nature of their emittance precludes to a large extent further mod-
ification of the thermal radiation spectrum. To simultaneously suit the spectral and other
application-specific requirements, there is a strong motivation to develop emitters which
enable emissivity control beyond naturally occurring bulk properties.
One well-established strategy for controlling optical properties is the usage of planar mul-
tilayer systems which, in the form of dielectric stacks, have already been extensively used
in optical filter design, anti-reflective coatings, etc. The design of multilayer [15, 16] and
rugate [17, 18] filters lends itself to several powerful numerical modelling and optimization
techniques that play a crucial role in enabling the production of e.g. optical transmis-
sion/reflection filters of high spectral complexity and quality [19, 20]. The inclusion of
thin layers of absorbing materials, such as metals or semiconductors, into multilayer stacks,
allows for the design of structures with significant absorption (and, by Kirchhoff’s law, sig-
nificant emittance) [21]. In recent years, this approach has been the subject of increased
interest as an easy-to-fabricate alternative to metasurfaces for tailorable selective surface
absorbance/reflectance [22, 23, 24, 25, 26, 27], for the fabrication of hyperbolic metamate-
rials at optical frequencies comprising a TiN/(Al,Sc)N stack [28, 29] or for the modification
of thermal transport through the alteration of phononic wave propagation [30, 31]. An in-
vestigation of the long-term stability of a TiN/(Al,Sc)N stacks under thermal annealing is
presented in [32], where the stability of the structure turns out to be limited by the presence
of Scandium, which has a high diffusivity at elevated temperatures. However, less atten-
tion has been paid to the significant impact multilayered structures can have on achieving
spectral selectivity in thermal emission in the near-infrared, which necessitates excellent re-
silience against heat-induced degradation. Apart from an optically thick metallic underlayer
onto which a dielectric stack is deposited (for filters in reflection), it stands to reason that
any other incorporated metallic layer must have a thickness not significantly exceeding the
optical skin depth, which is usually in the range of a few tens of nanometers. Such small
thicknesses are known to depress the melting point of the thin-film to values below the cor-
responding bulk melting point [33, 34, 35, 36, 37, 38]. Thus, the depressed thin-film melting
point risks becoming the limiting factor to the upper temperature that can be sustained by
the multilayer stack. Since melting point depression of films, wires and particles occur at a
ratio of 1:2:3 [36, 37], thin-films have an inherent advantage over other types of nanometre-
scale structures at temperatures approaching the bulk melting point. This advantage has
to be balanced against the tendency of thin films to dewet at increased temperatures, form-
ing first holes in the thin film which then lead to spontaneous dewetting through surface
self-diffusion. Therefore, we devise a multilayer selectively emitting structure with the aim
of demonstrating the feasibility of a selective emitter based on a thin-film structure with
metallic films on the few-nanometre scale at elevated temperatures, while inhibiting the
dewetting process through the additional MgO top layer and mechanical hardness of the
TiN layer. Under the influence of an oxidizing atmosphere, chemical degradation plays an
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additional role in determining the stability of the selective emitter. Many commonly used
low-loss metals such as aluminium, copper, silver and gold, have low bulk melting points,
which limits their usefulness in thin-film thermal emitters.
Nitrides formed from group 4 transition metals, i.e. Ti, Zr and Hf, provide a promising
platform for the development of thin films with excellent thermal stability, due to their
metallic optical response and ceramic-like physical and chemical properties (high strength,
hardness, chemical inertness and corrosion resistance). Titanium nitride (TiN), a refractory,
CMOS compatible ceramic with an optical appearance resembling gold [39, 40], allows for
the application of thin-film emitters incorporating low-loss metallic films at significantly
higher temperatures, when compared to the optically similar gold [41]. Since the optical
properties of TiN films deposited onto substrates depend strongly on the substrate and the
conditions under which it is deposited, we characterize the dielectric function, and compare
with literature values for gold [fig. 1(a)].
We have previously demonstrated that a simple continuous-layer Fabry-Pe´rot resonator
(cl-FPR), with a dielectric layer sandwiched between two gold mirrors, can act as a thermal
emitter with a tunable emission maximum placed at 1.7µm, corresponding to the band-
gap energy of GaSb [42]. However, such selective emitters degrade above 748 K due to the
use of gold, which is a poor high-temperature material because of a low melting point and
high diffusivity in many dielectrics. [42]. These shortcomings of gold can be overcome by
TiN [43], which has a bulk melting point of 3200 K and chemical inertness up to 1175 K
in dry, ambient atmosphere [44]. Other conductive transition metal nitrides constitute
prime candidates for research and applications where similar challenges constrain the choice
of metal [45]. Magnesium oxide (MgO) is used for the spacer layer, while silicon nitride
(Si3N4) is used as a protective overlayer.
Herein, we demonstrate that the use of refractory transition metal nitrides, specifically
TiN, with appropriate design and fabrication considerations enable the fabrication of ther-
mal thin-film emitters that can in the medium-term (several hours) sustain elevated tem-
peratures, while exhibiting a narrow emission band that can be placed anywhere in the
near-infrared, thereby making them ideal for TPV applications.
2 Methods
2.1 Transfer matrix method
We calculate theoretical reflectance curves by using a standard transfer-matrix method
(TMM) [47], where we use the dielectric function of a 80 nm TiN film obtained by el-
lipsometry [fig. 1(a)] for both the ultra-thin films and the 80 nm film, since it was not
possible to obtain reliable ellipsometric data for the ultra-thin layer. It is well known that
thin metallic layers have increased losses compared to their bulk counterparts, which can,
with good agreement, be taken into account by multiplying the imaginary part of the di-
electric function by a factor larger than one[48]. Here, we multiply the imaginary part of
the dielectric function with three for the thin TiN layer.
3
0-40
-80
re
a
l(
)
0
10
20
30
im
a
g
(
)
600 1000 1400
Wavelength (nm)
TiN
Gold (J&C)
(a)
30 35 40 45 50 55 60
0
200
400
600
T
iN
1
1
1
36
.6
S
a
p
p
h
.
1
1
0
37
.5
S
a
p
p
h
ir
e
0
0
0
6
41
.7
2θ (degrees)
In
te
n
si
ty
(c
o
u
n
ts
)
(b)
Figure 1: (a) Dielectric function  of a 80 nm TiN film on a sapphire substrate (solid)
compared to literature values for gold (dotted) [46]. The TiN film is grown under identical
conditions as the back-reflector in the continuous-layer Fabry-Pe´rot resonator. (b) Wide-
angle X-ray diffractogram (Bruker, Cu Kα line) of 80 nm TiN grown on sapphire. Inset:
Selected area electron diffraction (SAED) from a region containing an 80 nm film and the
substrate onto which it is grown. Diffraction spots marked in red and blue correspond to
the planes of TiN and sapphire, respectively.
2.2 Sample Preparation
The emitter is prepared by initially depositing an optically thick layer of TiN (80 nm) onto
a sapphire (0001) substrate followed by a thick layer of MgO and a thin top layer of TiN.
A conformal coating of 20 nm Si3N4 works as a diffusion barrier to prevent oxygen diffusion
from the surrounding atmosphere into the multilayer stack at high temperatures. TiN layers
were deposited by direct current (DC) magnetron sputter deposition, at a base pressure
of 2.6× 10−6 mbar, with 380 W DC target sputtering power and 444 V applied voltage at
the Ti target (2.00” diameter x 0.250” thick Ti target (99.995 % - Kurt J. Lesker). Ar
and N2 gases were introduced to the chamber at flow rates of 20 cm
3/s and 25 cm3/s with
partial pressures of 4.3× 10−3 mbar and 1.77× 10−2 mbar, respectively. The substrate was
preheated to 1108 K before deposition of TiN and maintained at that temperature during
deposition. The 80 nm TiN film was deposited with a deposition rate of 0.2 A˚/s without
substrate biasing. The dielectric MgO layer is deposited by e-beam evaporation at a rate of
0.3 A˚/s with a high voltage of 7.5 kV and current of 60 mA. A 20 nm Si3N4 layer is deposited
by chemical vapour deposition (STS-Plasma CVD) to stabilize the TiN thin-film and act as
a diffusion barrier. The precursors were silane (SiH4) and ammonia (NH3) while nitrogen
(N2) was used as the carrier gas. The flow rates of SiH4, NH3 and N2 were maintained at
40 cm3/s, 20 cm3/s and 1960 cm3/s. The substrate temperature and RF power were fixed to
300 ◦C and 60 W, where the pressure was maintained at 1 mbar, which yielded a deposition
rate of 0.9 nm/s.
For the scanning transmission electron microscope (STEM) cross-sectional inspection of
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the cl-FPR, lamellae of 100 nm thickness were prepared using a focused-ion beam (FIB, FEI
Helios G3 UC) machine with a 30 keV gallium ion beam. Subsequently, the lamellae were
transferred to Cu lift-out grids. A 20 nm Au layer was deposited on the substrate in order
to prevent charging during FIB preparation. An FEI Talos F200X transmission electron
microscope equipped with a high brightness Schottky-FEG (X-FEG) and a four-quadrant
silicon drift-detector (SDD) for energy-dispersive x-ray spectroscopy (EDX) (solid angle of
0.9 srad) was used for high-angle annular dark-field (HAADF) imaging and EDX analysis.
A probe current of 1 nA and a dwell time of 5 µs per pixel were used to obtain spectrum
images.
2.3 Optical measurements
The optical constants of the deposited TiN are obtained from a spectroscopic ellipsometer
(SE 850, Sentech) at an angle of 65◦. The TiN data were fitted by the Drude-Lorentz model.
Optical reflection in the range of (0.3µm to 2.1µm) was measured using a PerkinElmer
Lambda 1050 spectrometer with a 150 mm integrating sphere. The incident light was unpo-
larized and the minimum angle of incidence of the system is 8◦. The optical absorption A
was obtained by A = 1 − R − T , where R and T are reflectance and transmittance. Since
T = 0 for an optically thick (80 nm) TiN film, the absorbance can be directly deduced by the
reflectance: A = 1 − R. A PerkinElmer Spectrum One Fourier-transform infrared (FTIR)
spectrometer was used to perform mid-infrared absorbance measurements.
2.4 Experimental setup
We anneal the cl-FPR emitters in a Linkam microscopic heating stage (TS-1000) which is
purged with nitrogen at a flow rate 95 cm3/min for 30 minutes prior to the heating cycle.
After purging, the nitrogen flow is decreased to 30 cm3/min in order to minimize thermal
gradients within the heating stage during the heating cycle, thereby increasing the accuracy
of the temperature control. The sample temperature is ramped at 40 K/min, preventing
both excessive annealing during the temperature in-/decrease and thermal-gradient-induced
stress capable of inducing mechanical defects in the sample. All structures are subjected
to a sequence of annealing for 1 + 1 + 2 + 4 hours (for a total of 1, 2, 4 and 8 hours),
with absorption spectroscopy performed after each anneal. This specific heating cycle has
the benefit of enabling the discrimination between the short-term settling of the emitter at
the initial anneal into its final optical properties, as well as showcase the stability over the
longest annealing time, i.e. 8 hours.
The heating stage is placed in a home-built microscopy setup, which uses a long working
distance objective (20×Mitutoyo Plan Apo) to collect thermal emission for thermal emission
measurements through a glass heat shield. A blackbody (Electro-Optical Industries), with a
specified surface extinction of 0.97 – 0.99 in the wavelength range of 0.5 µm to 20µm, allows
us to obtain blackbody reference spectra at temperatures of up to 1000 ◦C. An identical
window to the heat shield is placed in between objective and blackbody reference, eliminating
the influence of reflection on the heat shield. Annealing and optical measurements are
performed using a custom-built setup described in greater detail elsewhere [42].
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Figure 2: (a) cl-FPR schematic fabricated on a sapphire substrate (not shown). (b) Ab-
sorbance of cl-FPRs with different MgO-spacer thicknesses (other thicknesses kept constant;
TiN layers 13 nm and 80 nm). (c) Absorbance for varied top layer thickness. The MgO spacer
thickness is fixed at 320 nm. (d) Transmission electron micrograph of a focused ion-beam
milled cross-section of the cl-FPR after deposition of gold layer for electrical conductance.
Scale bar: 50 nm. (e) Transfer matrix method (TMM) calculations, corresponding to (b).
(f) TMM calculations corresponding to (c).
3 Results
The absorption resonance is variable in both spectral position and depth by variation of
the spacer layer [fig. 2(b) and 2(e)] and the thin metallic layer [fig. 2(c) and 2(f)]. Since
it was not possible to obtain reliable optical properties for the ultra-thin TiN films, we
take advantage of the largely independent change of the spectral position or resonance
strength when modifying the thicknesses of the spacer layer or ultra-thin top layer, by
experimentally optimizing the fundamental resonance of the emitter to the band gap energy
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Figure 3: Absorbance spectra obtained at room temperature from pristine (dotted) cl-FPR
selective emitters and identical emitters annealed in nitrogen under atmospheric pressure
for an accumulated duration of 2, 4 and 8 hours, respectively (solid) and at temperatures
of 873 K (a), 973 K (b), 1073 K (c) and 1173 K (d). Insets: FTIR spectra after 8 hours of
annealing, obtained at room temperature.
of GaSb (0.72 eV, 1.7 µm), a low band gap semiconductor with widespread use in TPV
prototypes. While a full understanding of the cl-FPR should be based on the exact TMM
method, the behaviour of the cl-FPR can be qualitatively understood by considering the
resonance condition
m · 2pi = φprop. + φr, bottom + φr, top,
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for integer m, where φprop. is the propagation phase acquired in the MgO spacer during one
round trip and φr, bottom (φr, top) is the reflection acquired under reflection at the bottom
(top) interfaces, respectively. While the MgO thickness influences on φprop. only, the rela-
tive thinness of the top TiN film, which is comparable to the optical skin depth, has the
consequence that the reflection phase at the top MgO-TiN interface is influenced by the
thickness of the film. The dependence of the strength of the absorption on the thickness of
the top TiN layer can be understood from the fact that the coupling of the resonator mode
to free plane-waves is determined by the transmission through the film. Unity absorption
occurs when critical coupling is achieved, i.e. when the coupling rate to free propagating
waves is equal to the coupling rate to Ohmic losses[49]. Figures 2(b) and 2(c) show selected
spectra from cl-FPRs resulting from this optimization where, first, the spacer layer thickness
is chosen to yield a resonance centered around 1.6µm. This occurs at a thickness of 320 nm,
depending to a lesser extent on the chosen top TiN layer thickness. After initial optimization
of the spacer, the ultra-thin thin layer is optimized with respect to the trade-off between the
width of the resonance and the strength of the absorption. The optimization of the MgO
spacer and top TiN layer resulted in the following layer stack: 80 nm TiN, 320 nm MgO,
13 nm TiN and 20 nm Si3N4 [cf. fig. 2(d)].
A selected area electron diffraction (SAED) pattern [fig. 1(b), inset] of the pristine
emitter at the interface of the sapphire substrate and TiN film reveals that the predominant
crystallographic relationship between the TiN film and the Sapphire substrate is (111) TiN
‖ (0001) Al2O3, which is consistent with the observed X-ray diffraction pattern [fig. 1(b)].
The smearing of the TiN-related diffraction spots in the SAED pattern results from the
polycrystallinity of the TiN film. The thin-film (13 nm) TiN does not provide sufficient
signal for SAED analysis, however, the HR-TEM analysis provided below indicates firmly
a degree of alignment between the crystallographic orientations of the TiN film and the
underlying MgO spacer layer.
To the long-wavelength side of the fundamental resonance, the absorbance drops off
slowly to approximately 70% at 2.1 µm. Moving to shorter wavelengths from the fundamental
resonance, the absorbance drops steeply to 15% at 1.3 µm. A spectrally sharper, second-
order resonance with near-unity absorbance, appears in the vicinity of 790 nm. Due to their
relative spectral proximity, the absorbance between the two harmonics does not attain very
low values, reaching only minimum of values of 31% and 74%, respectively. A scanning
electron microscope (SEM) inspection of the cl-FPR emitters before annealing reveals that
the structures have a smooth surface appearance with too low roughness or material variation
to induce contrast [fig. 5(a)]. All samples are examined in linear reflection spectroscopy to
reveal their optical characteristics (fig. 3) before further thermal treatment. The examined
structures have a strong absorption peak of 87% due to the fundamental resonance in the
vicinity of 1.6 µm, exemplifying an emitter aimed at efficient operation in conjunction with
a GaSb PV cell [50, 51].
We proceed to anneal the samples in a nitrogen atmosphere at increasing temperatures,
beginning at 873 K [fig. 3(a)]. For the sake of presentation, all measurements obtained after
one hour are omitted from this discussion, as spectra obtained after one and two hours,
respectively, exhibit only negligible differences. Remarkably, the annealed structure shows
very little changes, apart from a redshift of the fundamental peak of 40 nm and a slight
broadening of the resonance. Moreover, a redshift of the low absorption band separating the
first and second harmonic occurs. SEM inspection of the structure after 8 hours of annealing
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at 873 K reveals only very slight changes to the surface structure (fig. 5(b), top). The main
changes are very fine lines, which are presumably cracks in the Al2O3 that are just barely
visible on the SEM micrographs.
Annealing at 973 K gives almost identical results in terms of the thermal stability; albeit
with a larger initial redshift (75 nm) and lowering (2%) of the fundamental resonance [fig.
3(b)]. Disregarding initial effects, changes in the spectra after the first 2 hours of annealing
are negligible. Inspection of the SEM image of the sample shows fine cracks as in the case
of 873 K with no greater overall structural degradation [fig. 5(b), bottom].
For cl-FPR structures annealed at 1073 K, an initial red-shift of the resonance wavelength
of 90 nm and lowering of the maximum absorption at the fundamental resonance of 3%
occurs. Interestingly, we observe a strong increase in the mid-infrared absorption, to roughly
40%, as measured with FTIR spectroscopy [fig. 3(c), inset]. This might, in part, be explained
by pronounced cracking observed for this particular sample [fig. 5(c)], leading to increased
scattering and thus a decrease in the measured reflectance. Presumably, what can be seen
in the SEM image of the sample is the cracking of the top layer, which enables oxygen (and
other oxidation agents) to reach the TiN film, explaining the dark regions around the cracks
observed. It is well known that TiN in ambient atmosphere degrades at 1073 K.
Annealing the structure at 1173 K does not yield a new stable state of the absorption
with increasing annealing time [fig. 3(d)]. Interestingly, this behavior is not due to cracking
of the PECVD deposited overlayer as it is left intact [see fig. 5(d)], thereby causing a less
pronounced initial change compared to the sample annealed at 1073 K [fig. 3(c)]. Despite
this, a thin overlayer does not provide sufficient protection against continuous degradation,
leaving a visibly damaged film after 8 hours of annealing.
In order to further shed light on the mechanical integrity before and after annealing,
possible interdiffusion during annealing and the mechanism of degradation for emitters at
1173 K, we undertake an in-depth comparison of a pristine cl-FPR to one annealed at 1173 K.
Figure 4(a)-4(l) show the STEM and element maps provided by energy-dispersive x-ray
spectroscopy (EDX) of the pristine and 1173 K annealed cl-FPRs. Successful growth of the
bottom and top TiN films is indicated by the STEM image, as well as the Ti and N Kα-based
spectrum images [fig. 4(b) & 4(c)], where particularly the absence of any measurable oxygen
Kα intensity is a crucial prerequisite for a high-quality TiN film [fig. 4(e)]. After annealing
the emitter at 1173 K, exceptional mechanical stability of the emitter is observed without
loss of the overall structural integrity. It is noteworthy that a continuous ultra-thin top
layer of TiN is retained after the annealing process. The oxygen spectrum image [fig. 4(k)],
though, does show an oxygen content in the top TiN film after the anneal, which is likely
the result of diffusion of oxygen from the external environment, facilitated by the structural
degradation of the Si3N4 protection layer. Moreover, the MgO layer shows isolated voids
and inter-layer diffusion of Mg is observed, which, after annealing, is present on the top
surface of the substrate, above the Si3N4 film [fig. 4(j)].
After annealing the emitter at 1173 K, the TiN film has been stabilized on the sapphire
substrate due to re-crystallization of TiN layer during the annealing procedure. HR-TEM
imaging of the structure annealed at 1173 K and fast Fourier transform (FFT) of selected
areas are shown in fig. 4. A sharp and smooth interface between the sapphire substrate and
TiN back-reflector [fig. 4(m)] as well as between the MgO spacer and ultrathin TiN [fig. 4(n)]
is observed in the HR-TEM images. The HR-TEM images were acquired along the zone axis
(ZA) <11¯00> of the sapphire substrate. FFT patterns obtained from various regions show
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Figure 4: (a) Scanning transmission electron microscopy image (Scale bar: 100 nm), and
element mapping images obtained by analysis of the Kα-lines from energy-dispersive x-
ray analysis (b-f) for the elements, Ti, N, Mg, O and Si, of the as-fabricated structure.
Similarly, for the emitter structure annealed at 1173 K is shown in (g-l). (m) Cross-sectional
High resolution transmission electron microscopy image of the emitter structure (at the 80
nm thick TiN interface) annealed at 1173 K. Scale bar: 20 nm (n) Cross-sectional HR-TEM
image at the top TiN film for the emitter structure annealed at 1173 K. Scale bar: 20 nm.
(o-s) Fast Fourier-transforms of the selected areas marked on the HR-TEM image. Numbers
in the lower right corner correspond to the areas marked in (m) and (n).
that the (0006) planes of Al2O3 are parallel to the (11¯1) planes of TiN (Halite structure),
indicative of high-quality film growth [fig. 4(o) & fig. 4(p)]. HR-TEM investigations reveal,
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(a) unheated (b) 873K
973K
(c) 1073K (d) 1173K
Figure 5: SEM micrographs of cl-FPRs in pristine state (a), annealed at 873 K (b, top),
973 K (b, bottom), 1073 K (c) and 1173 K (d) in N2 atmosphere at normal pressure for
a total of 8 hours (1+1+2+4 hours) with 40 K/min temperature ramps and exposure to
ambient air after each cycle. Scale bars: 2 µm.
furthermore, that the in-plane relationship between the sapphire and TiN is: <21¯1¯0> Al2O3
‖ <211¯> TiN. FFT analysis of the cross-sectional view of the top TiN layer interface of the
emitter annealed at 1173 K [fig. 4(n)] suggests that the 13 nm TiN film has grown on the
MgO film with the predominant relative orientation of <110> TiN ‖ <110> MgO [fig. 4(r)
& 4(s)].
With the aim of demonstrating that the cl-FPR emitter is indeed capable of selective
thermal emission, we investigate the thermal emission of the sample. The sample is heated
in a nitrogen atmosphere identical to the annealing process, while the thermal emission is
collected by a near-infrared spectrometer and normalized to the spectrum obtained from
a blackbody reference at the same temperature. Reflected thermal emission from the sur-
roundings is negligible due to the large contrast in temperature. The results obtained at
973 K can be seen in fig. 6 compared to the reflectance of the annealed cl-FPR at room tem-
perature. The emissivity falls from roughly 80% between 1.8 µm and 2.1 µm to a minimum
of 25% in the vicinity of 1.3µm. As such, even a rather simple emitter, consisting essentially
of a three-layered structure, can provide a relatively sharp emission cut-off essential for the
efficient application in a TPV setup.
The potential of this geometry, however, is not fully utilized in the samples as presented
here. It deserves mentioning that the implementation of thermally stable few-nm-thin films
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Figure 6: cl-FRP reflectivity at room temperature (black) and emissivity measured at 973 K
(red).
allows for the elimination of photon-recycling filters between emitter and PVC by the evap-
oration of a rugate/multilayer filter directly onto the cl-FPR. When integrated into a TPV
device, a directly integrated monolithic filter-emitter removes the need for a separate filter
for sub-bandgap photon recycling, which reduces compactness, view factors, and introduces
additional losses. An optical filter has a particular bandwidth of operation; making it practi-
cally impossible to obtain a narrowband spectrum through filtering of a blackbody spectrum.
Since the emitter acts as a BB only within a limited spectral range and - crucially - is flat, it
provides an ideal platform for the shaping of thermal radiation by mature and robust rugate
and multilayer optimization techniques.
4 Conclusion
We have provided compelling motivation for pursuing the concept of thin-film metallo-
dielectric rugate and multilayer structures with metallic layers of thicknesses comparable
to the optical skin-depth as a promising way of expanding the applicability of optical filter
technology for absorbing/thermally emitting structures operated at very high temperatures.
We have shown that challenges posed by melting point depression, thin-film instabilities,
chemical degradation and other sources of thermally induced degradation, which typically
prevent the usage of thin films for refractory applications, can be overcome with TiN. This
refractory, metallic ceramic exhibits optical stability at temperatures exceeding 1073 K, even
for films with thicknesses of a few nm. We point out the potential for highly wavelength-
specific thermal radiation based on the presented cl-FPR with an integrated rugate filter.
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